When microinjected as cloned DNA, the nucleoprotein (NP) of influenza virus A/NT/60/68 (H3N2) accumulated in the nuclei of Xenopus laevis oocytes, and cultured cells of rodent and primate origin. This accumulation appeared to be specific and a property of the NP itself (or conceivably NP in association with unknown cellular constituents) since no other influenza virus components were present in DNA-injected cells. In the oocyte nucleus, clonally derived NP achieved an eightfold concentration over that in the cytoplasm. Such NP was full-length as judged by its mobility during PAGE and had the native conformation of H3N2 virus NP according to its reaction with a panel of monoclonal antibodies. NP appeared to be in the soluble fraction of the nucleus as it did not sediment under conditions which removed particulate matter from nuclear extracts. Microinjection of extracts of chick embryo fibroblast cells infected with A/FPV/Rostock/34 (H7N1) showed that exogenous NP had an affinity for the nucleus similar to that synthesized intracellularly from cloned NP DNA. This conclusion was supported by an experiment in which cloned NP from the oocyte nucleus re-entered the nucleus after injection into the cytoplasm of fresh oocytes. Injection of mRNA, extracted from chick embryo fibroblast cells infected with A/FPV/Rostock/34, into oocytes directed the synthesis of the viral proteins M (Mr 28000), and NS1 (MT 27000) as well as NP (Mr 56000). While NP from this source concentrated in the nucleus as before, M merely associated with the nucleus without exceeding the cytoplasmic level. Even more remarkable was NS1 ; although in injected cells this protein is concentrated in nucleoli, in microinjected oocytes its nuclear concentration was threefold less than that in the cytoplasm, despite the very large number (> 1500) of nucleoli present in Xenopus oocytes. It seems likely that the karyophilic nature of M and NS1, unlike that of NP, is a property not of the proteins themselves, but of a complex which they form with some other product of the infected cell. These findings were repeated when extracts from infected chick embryo cells containing NP, M and NS1 proteins radiolabelled in vivo, were injected into the cytoplasm of oocytes.
INTRODUCTION
Influenza viruses encode three major non-glycosylated products, the nucleoprotein (NP, Mr 56000), matrix (M, Mr 28000) and non-structural-1 (NS1, Mr 27000) proteins. All are conserved and it is the antigenicity of the NP which defines the type A influenza viruses of man and other animals. Although all three proteins are abundant in the infected cell and NP and M constitute a major part of the structure of the virion, little is known about their biological functions. However, they share the property of becoming associated with the nucleus during infection.
N P was first detected in the nuclei of infected cells by immunofluorescence staining (Watson & Coons, 1954; Liu, 1955; Breitenfeld & Schafer, 1957) . Analysis of radiolabelled proteins following the fractionation of infected cells showed that after synthesis in the cytoplasm, the majority of NP migrates to the nucleus where it associates with the nucleoplasm (Taylor et al., 1969 (Taylor et al., , 1970 Lazarowitz et al., 1971; Krug & Etkind, 1973; Hay & Skehel, 1975; Flawith & Dimmock, 1979; Briedis et al., 1981) . The situation is complicated because NP is found in both nucleus and cytoplasm as 'free' protein and associated with viral RNA, and the latter ribonucleoproteins (RNPs) contain both negative and positive strand viral RNA (Pons, 1971 (Pons, , 1975 Caliguiri & Gerstein, 1978; . Also NP appears to be able to cross the nuclear envelope in either direction (Hudson et al., 1978; Flawith & Dimmock, 1979) . Not surprisingly, analysis of the behaviour of a protein which appears in such a multiplicity of forms is particularly difficult and approaches using recombinant DNA technology seemed particularly apposite. Lin & Lai (1983) inserted a cloned NP gene into a simian virus 40 (SV40) vector system and showed that an infection of cultured cells NP appears in the nucleus. However, the immunofluorescence assay which they used to detect the NP takes no account of the turnover of the protein so that the extent of accumulation of NP could not be quantified. Nor is it known from Lin and Lai's studies whether the nuclear accumulation was affected by the presence of SV40 constituents.
In the infected cell, NS1 shows an affinity for the nucleolus (Dimmock, 1969) . Labelled NS1 is synthesized in the cytoplasm, migrates to the nucleus (Lazarowitz et al., 1971 ; Hay & Skehel, 1975) and concentrates in nucleoli (Krug & Etkind, 1973; Krug & Soiero, 1975) . However, despite its affinity for nucleoli, NS1 is found throughout the nucleus and cytoplasm at all times. No function has yet been ascribed to NS1.
The karyophilic properties of M are controversial and in virus-infected cells, the extent of nuclear accumulation of M appears to be dependent on both the virus strain and the host cell studied (Lazarowitz et al., 1971 ; Krug & Etkind, 1973 ; Hay & Skehel, 1975; Gregoriades, 1973 Gregoriades, , 1977 Flawith & Dimmock, 1979; Mahy et al., 1980; Briedis et al., 1981) . However, in our previous studies of chick embryo fibroblast cells infected with A/FPV/Rostock/34, M was intranuclear as judged by its appearance in isolated nuclei devoid of an outer membrane and by immunofluorescence with monoclonal anti-M antibody of sections through infected cells (P. J. Rees, S. Patterson & N. J. Dimmock, unpublished data) .
In this paper, we have studied nuclear accumulation ofNP, M and NS1 proteins at the level of the individual cell using Xenopus laevis oocytes and cultured cells of rodent and primate origin. The oocytes are large cells which are readily manipulated for microinjection and have large nuclei which can be manually isolated. They also have the ability to correctly modify, process and segregate many foreign proteins introduced as the protein itself or encoded in RNA or DNA (Asselbergs, 1979; Gurdon & Melton, 1981; Wickens & Laskey, 1981; Lane, 1983; Colman, 1984a; Soreq, 1985) . However, mammalian cells in culture are more similar to those of the natural host and, although much smaller than amphibian oocytes, can also be injected with foreign macromolecules (Graessmann et a~., 1980) whose behaviour can then be compared with the same molecules produced in parallel batches of cells infected with virus. Thus, there are advantages in complementary studies employing both oocytes and mammalian cells. We describe here the intracellular fate of influenza viral NP, M and NS1 following their injection as the protein or of mRNA encoding the protein, and the fate of NP injected in the form of cloned DNA.
METHODS
Chemicals and reagents. All chemicals were of analytical grade and were purchased from either BDH or Sigma.
[3sS]Methionine (sp. act. 1200 to 1400 Ci/mmol) was obtained from Amersham. Restriction enzymes, T4 DNA ligase and the large fragment of Escherichia coli DNA polymerase I (Klenow fragment) were purchased from Bethesda Research Laboratories and calf intestinal phosphatase from Boehringer.
We used mouse monoclonal antibodies against infuenza NP (Van Wyke et al., 1980) , polyclonal anti-NP antibodies raised in rabbits injected with fowl plague Rostock virus (FP/R) and fluorescein isothiocyanateconjugated goat anti-rabbit immunoglobulin (Miles-Yeda).
Viruses. The influenza viruses A/FPV/Rostock/34 (FP/R) (H7NI) and A/NT/60/68 (H3N2) were grown in embryonated chickens' eggs (Stephenson & Dimmock, 1974) . Infectious allantoic fluids were used as virus stocks. Infectivity was determined by plaque assay in monolayers of, respectively, primary chick embryo fibroblast (CEF) cells or Madin-Darby canine kidney (MDCK) cells using 2.5 ktg/ml trypsin in the overlay medium to potentiate infectivity. Fig. 1 . Construction of the plasmid pTKNP. A full-length double-stranded DNA copy of the NP gene of influenza virus A/NT/60/68 (Huddleston & Brownlee, 1982 ) (stippled box) was blunt-end ligated into the PvulI site of pAT/PvulI/8 (Anson et al., 1984) to produce pATNP. The NP coding region was excised from pATNP using ClaI and Sail and the fragment was end-filled using the Klenow fragment of E. coli DNA polymerase I prior to blunt-end ligation into the end-filled HindlII site of the eukaryotic expression vector pTK2 (Krieg et al., 1984) to give pTKNP. This contains (i) the 2.3 kbp fragment of pBR322 (thin line) from the EcoRl site at position 4360 to the PvulI site at position 2067 (Sutcliffe, 1978) which carries the origin for DN A replication and the gene conferring resistance to ampicillin, (ii), the 988 bp EcoRl/Bcll fragment of the SV40 genome (open box) containing the polyadenylation signal for the SV40 early transcripts (Tooze, 1980) , (iii) a 250 bp PvulI/Bglll fragment of pTK1 (solid box) which consists of a fragment of the herpes simplex virus genome containing the thymidine kinase (TK) gene cloned into the BamHl site of pAT153 (Wilkie et al., 1980) . The 250 bp fragment contains the transcriptional promoter region of this gene but lacks the translation initiation codon. The direction of transcription is indicated by the arrow. The hatched box represents a 21 bp synthetic oligonucleotide containing translation stop codons in all three reading frames (Pettersson et al., 1983) .
IP
Cultured cells. Primary CEF, MDCK, baby hamster kidney (BHK-21) and monkey (Vero) cells were all grown using standard methods and Eagle's medium containing newborn calf serum (Flow Laboratories).
Preparation ofradiolabelled cell lysate. FP/R in allantoic fluid was added to monolayers of primary CEF cells in 5 cm Petri dishes seeded with 9 × 106 cells (Morser et al., 1973) to give a m.o.i, of 30 and incubated at 37 °C for 1 h. The inoculum was replaced with 2 ml of prewarmed Glasgow modified Eagle's medium containing 10% of the normal methionine concentration. At 10 min prior to labelling, the medium was replaced with 2 ml of prewarmed buffered Earle's saline (BES). At the time of labelling (3.5 h after addition of virus) the medium was replaced with 200 ~tl BES containing 50 ~tCi [3sS]methionine and after 10 min the cells were washed twice with ice-cold resuspension buffer (8.8 mM-NaCI, 1 mM-HEPES pH 7-6) and scraped into 100 ~tl of resuspension buffer. The cells were completely disrupted with an ultrasonic probe at 1.5 A (Soniprobe, Dawe Instruments Ltd), dialysed against resuspension buffer, freeze-dried and resuspended in distilled water to one-tenth the original volume. Prior to injection into oocytes the lysate was centrifuged at 4 °C for 3 min in an Eppendorf microcentrifuge.
Preparation ofmRNA. FP/R in allantoic fluid was added to monolayers of primary CEF cells in roller bottles to give a m.o.i, of 30 p.f.u,/cell and incubated at 37 °C for 1 h. The inoculum was replaced with Medium 199 and incubation continued for a further 2.5 h. RNA was prepared from these cells and enriched for poly(A) ÷ species using the methods of Valle et al. (1981) .
Construction ofpTKNP DNA. In general, the techniques used to construct pTKNP, a plasmid containing a full-length N P cDNA downstream from the herpes simplex virus thymidine kinase promoter, were as described in Maniatis et al. (1982) . The specific techniques are described in Fig. 1 . Microinjection into Xenopus oocytes, oocyte Jractionation and calculation of the relative nuclear volume. The microinjection techniques and oocyte culture conditions were as described by Colman (1984a, b) . All oocytes were injected with a volume of 40 nl. DNA was resuspended in distilled water at a concentration of 200 ~tg/ml and mRNA at 1 mg/ml. All oocytes were incubated overnight in modified Barth's saline and then, when required, radiolabelled in the same medium containing 1 mCi/ml [~sS]methionine in microtitre wells with 30 ~1 medium/5 oocytes (Colman, 1984a; Colman & Morser, 1979) for 6 h unless otherwise indicated. Nuclei were removed in modified Barth's saline at 4 °C by making a small hole in the animal pole of the oocyte and gently squeezing until the nucleus was extruded (Colman, 1984b) . Whole oocytes and the cytoplasmic fraction were homogenized at 4°C in homogenization buffer (10 mM-Tris-HCl pH 7.4, 1~ NP40, 1 mM-phenylmethylsulphonyl fluoride) at 60 ~tl per fraction and clarified by centrifugation for 1 min at 12000 gmax in an Eppendorf microcentrifuge. The nuclear fraction was disrupted by sonication at 4 °C in 60 gl homogenization buffer per nucleus and in some experiments was centrifuged in an Eppendorf microcentrifuge at 12000 gmax for 5 min.
Calculation of the extent to which NP is concentrated in the nucleus depends on the relative nuclear and cytoplasmic volumes. By volume the nucleus occupies 4~ of the oocyte (Bonner, 1978) but not all of the oocyte appears to be equally available to proteins. The nucleus and cytoplasm have different water contents (Abelson & Duryee, 1949; Century et al., 1970) and some of the cytoplasmic water is unable to act as solvent (Horowitz & Paine, 1976) . When this is taken into account in conjunction with the volume occupied by yolk platelets which exclude injected proteins (Bonner, 1975) , it is estimated that the nucleus represents 12~ of the oocyte volume accessible to most macromolecules (Bonnet, 1978) . This means, for example, that if both compartments contain the same amount of a protein then the concentration in the nucleus is 7.33-fold higher than in the cytoplasm.
Preparation oJradiolabelled clonal NPprotein. Sixty oocytes injected with pTKNP DNA were radiolabelled and enucleated as described above. The enucleated oocytes were drained of excess medium, disrupted with a glass rod and centrifuged in an Eppendorf microcentrifuge at 4 °C for 3 min at 12000 g~x. This gave a soluble cytoplasmic fraction containing radiolabelled clonal NP (cyt-NP). The nuclei were collected in the minimum volume of modified Barth's saline and disrupted by passage through a Hamilton syringe to produce a nuclear fraction containing radiolabelled clonal NP (nuc-NP).
Immunoprecipitation, electrophoresis and quantification. The immunoprecipitation of oocyte fractions was performed as described by Valle et al. (1983) except that the immunoprecipitates were resuspended in 4 vol. 10 mM-Tris-HC1 pH 7.4 and 1 vol. of cracking buffer [10~ SDS, 3.5 M-2-mercaptoethanol, 25~ glycerol, 0.01 (w/v) bromophenol blue]. For samples not immunoprecipitated, 1 vol. cracking buffer was added to every 4 vol. of sample. All samples were boiled for 3 min and analysed by SDS-PAGE as described by Cook et al. (1979) using the buffer system of Laemmli (1970) . The gels were dried and exposed to Fuji RX X-ray film or fixed, fluorographed (Bonnet & Laskey, 1974) and exposed to preflashed Kodak X-Omat-S film at -70 °C.
For the calculation of the amount of protein in each cellular compartment the protein bands and the analogous regions of control tracks were cut from the dried gels and soaked in 3 ml of gel slice scintillant. This comprised, per litre, 92 ml NCS tissue solubilizer (Amersham), 42 ml liquifluor (4 g PPO and 50 mg POPOP in toluene), 856 ml toluene and 10 ml of water. Slices were incubated for 48 h at 37 °C and 6 h at 4 °C before being counted in a Packard Tri-Carb scintillation counter. Values were corrected for background (i.e. in control bands).
Immunofluorescent staining oJ inJected and microinjected cultured cells. Cultured BHK-21 cells were infected with
A/NT/60/68 at a m.o.i, of 30, or microinjected with pTKNP DNA at 1 mg/ml in distilled water (Graessmann et al., 1980) . Monolayers were cultured at 37 °C for the required time before fixing in paraformaldehyde and staining by indirectimmunofluorescence as described by Ash et al. (1977) . Cells were examined using epi-illumination with the Zeiss standard microscope. Oocytes injected with radiolabelled extracts prepared either from CEF cells infected with FP/R influenza virus or from mock-infected cells. Infected oocytes were incubated for 24 h before the preparation of extracts of total oocytes (T), isolated nuclei (N) or enucleated cytoplasms (C). An arrow points to the faint band of M in the nuclear fraction. Samples containing one oocyte equivalent were subjected to PAGE. Samples of the infected (I) and mock-infected (MI) oocytes were extracted and also analysed. A, Actin.
RESULTS

Injection of NP, M and NS1 proteins
various viral proteins in the nucleus and cytoplasm was determined directly in the oocyte fractions by S D S -P A G E (Fig. 2) . The NP, M and NS1 proteins can be clearly seen but lanes containing the cytoplasmic (C) and total oocyte (T) fractions were distorted by the presence of yolk in their upper regions, so that migration of the virus proteins and of actin was retarded. In the nuclear fraction (N) which lacks yolk (and in other analyses where yolk was removed from cytoplasmic fractions before P A G E ; data not shown) the viral proteins were coincident with those of the original CEF extract. Fig. 2 shows that while all three proteins were recovered from the total oocyte and from the cytoplasmic fraction, only the NP entered the nucleus in substantial amounts. Isolated nuclei also contained traces of M but NS1 did not appear to enter the nucleus. This latter result was unexpected as NS1 concentrates in the nucleolus of normally infected cells (Dimmock, 1969) , and Xenopus oocytes have an abundance of nucleoli. However, the finding was supported by autoradiography of sections of oocytes injected with infected C E F cell extracts used previously, which showed no accumulation of radiolabel in the vicinity of nucleoli (data not shown).
Further experiments on the kinetics of accumulation of NP in the nucleus are shown in Fig. 3 . The amount of N P in the nucleus increased with time and when this was calculated as outlined in Methods and plotted (Fig. 3 b) the kinetics of accumulation could be clearly seen. Increase in nuclear NP was initially linear and, after slowing, reached a plateau about 24 h after injection. The maximum nuclear:cytoplasmic concentration ratio after 48 h was 4-2. Since the total radioactivity incorporated into the NP did not significantly change during the experiment we conclude that little or no degradation of NP occurred in either the cytoplasm or the nucleus. were analysed by S D S -P A G E (Fig. 4) . Three new proteins were synthesized in detectable amounts by the mRNA-injected oocytes. From their migration during S D S -P A G E and precipitation by specific antibodies (data not shown) these were identified as the influenza virus proteins NP, M and NS1. As seen previously in Fig. 2 , NS1 in oocytes remained largely in the cytoplasm, whereas it normally concentrates in nucleoli in infected cells (Dimmock, 1969; Krug & Etkind, 1973; Krug & Soiero, 1975) . Again both NP and M associated with the oocyte nucleus although only the NP became concentrated there (Table 1) . M was pelleted when the nuclear fraction was centrifuged at 12000g ( Fig. 4 and Table 1) indicating that it is associated with some nuclear structure. NP was not pelleted under the same conditions. (Fig. 2) or mRNA (Fig. 4) injection was quantified after excision of the appropriate regions of the fluorographs (see Methods). Because of the low concentration of radioactive protein used for injection, it was difficult to establish whether any NS1 entered the nucleus, hence the parentheses.
Injection of mRNA
t Using the supernatant of the nuclear fraction after centrifugation at 12000 g for 5 min.
Injection of DNA
The plasmid pTKNP, containing a DNA copy of the NP gene of influenza virus A/NT/60/68 under the control of eukaryotic expression elements (see Fig. I, legend) , was injected into Xenopus oocytes. The oocytes were incubated for 20 h to allow assembly of chromatin and the accumulation of mRNA before being labelled with [3SS]methionine for 6 h. These oocytes synthesized a new protein which was identified as NP by its migration on SDS-PAGE and its reactivity to both polyclonal and monoclonal antibodies specific to NP (Fig. 5) . This precipitation by monoclonal antibodies 3/1, 5/1, 7/3 but not by 150/4 and 469/6 is characteristic of NPs of the majority of H3N2 viruses (Van Wyke et al., 1980) and indicates that this NP had achieved a major part of its native configuration in the oocyte.
The best expression obtained from pTKNP resulted in the NP band containing 7"8~o of the total radioactivity incorporated into injected oocytes. This compares favourably with the 0.25 to 1 ~o obtained for VP1 following the injection of SV40 DNA (Rungger & Turler, 1978 ) and the 0.01 ~o obtained for ovalbumin following the injection of a cloned chicken ovalbumin gene (Wickens et al., 1980) . Several oocytes, labelled as above, were enucleated and the isolated nuclear and cytoplasmic fractions immunoprecipitated using polyclonal antibodies against NP before being analysed by SDS-PAGE (Fig. 6) . The NP was 8.27-fold more concentrated in the nucleus than in the cytoplasm.
Injection of oocyte-synthesized NP protein
We have demonstrated above that NP at equilibrium is up to eightfold more concentrated in the nucleus than in the cytoplasm. However, this ratio is small relative to that observed with other karyophilic proteins in Xenopus oocytes (Bonner, 1975; Gurdon, 1970; Dingwall et al., 1982) . One possible explanation for this low level of nuclear accumulation is that at equilibrium the cytoplasmic NP is prevented from further entering the nucleus by binding to some nonnuclear substrate. To investigate this we used pTKNP DNA-injected oocytes to generate radiolabelled nuclear and cytoplasmic NP for injection into fresh oocytes.
Radiolabelled NP prepared from the nucleus (nuc-NP) and cytoplasm (cyt-NP) of pTKNPinjected oocytes (see Methods) were injected separately into the nucleus and cytoplasm of freshly isolated oocytes. These oocytes were incubated in modified Barth's saline at 20 °C for 48 h before being enucleated. The isolated nuclear and cytoplasmic fractions were immunoprecipitated with anti-NP antibodies and analysed by SDS-PAGE (Fig. 7) . All of the oocytes injected with cyt-NP into the nucleus died within 6 h. However, in all other cases the radiolabelled NP was found in both cellular compartments but was between six-and sevenfold more concentrated in the nucleus than in the cytoplasm. We conclude therefore that in regard to its ability to concentrate in the nucleus, NP formerly resident in either cellular compartment is functionally similar. 
Injection of p T K N P into mammalian cells in culture
The plasmid pTKN P was injected into the nuclei of BHK cells. After 8 h or 18 h (Fig. 8 a) the injected cells were fixed and immunofluorescently stained using polyclonal antibody against NP. Distribution of antigen was the same at both times (data not shown). As a control, monolayers of BHK-21 cells were infected with influenza virus A/NT/60/68 and fixed and stained 8 h after infection (Fig. 8c) . The NP produced in the pTKNP-injected cells was predominantly nuclear and the nuclear fluorescence similar to that seen in the virus-infected cells. No immunofluorescence was detected in the uninjected cells in Fig. 8 (a) . These data are similar to those reported by Lin & Lai (1983) using a virus (SV40) vector system except that they detected no fluorescence until 36 h after infection. However, differences from Lin and Lai's results emerged when a more detailed comparison was made between virus-infected BHK-21 cells and injected cells. During infection NP spreads throughout the nucleoplasm but nucleoli stand out as areas of lower fluorescence (Dimmock, 1969; Fig. 8e ). However, in the pTKNPinjected cells NP appeared to accumulate preferentially in the nucleoli, indicating that during infection NP was being excluded from that location (Fig. 8f) . It is not possible to tell from the data presented by Lin & Lai (1983) whether NP expressed from their SV40 vector behaved in the same way and, in any case, interpretation of their data is complicated by the cytopathic effects which result from the SV40 infection. It is also worth noting here that when our vector p T K N P was injected into mouse L cells it was poorly expressed, but there was sufficient NP, presumably exposed on the cell surface, to allow them to be recognized and lysed by cytotoxic T lymphocytes (Townsend et al., 1984) .
DISCUSSION
The matrix protein (M) does not concentrate in the oocyte nucleus but distributes evenly between this compartment and the cytoplasm. M can be removed from the nuclear lysate by centrifugation at 12000 g for 5 rain, indicating that it is associated with some relatively large nuclear structure. This could be the nuclear envelope since M is associated with cellular membranes during infection (Hay & Skehel, 1975; Meier-Ewert & Compans, 1974; Klenk et al., 1974) and with the lipid envelope in the virus particle (Apostolov & Flewett, 1969; Compans & Dimmock, 1969) . It is therefore possible that M does not enter the oocyte nucleus but associates with the outer face of the nuclear envelope and that its apparently even distribution between the cytoplasm and the nucleus is fortuitous. In virus-infected cells the extent of nuclear accumulation of M appears to be dependent on both the virus strain and the host cell type being studied (Lazarowitz et al., 1971 ; Krug & Etkind, 1973 ; Hay & Skehel, 1975; Briedis et al., 1981 ; Gregoriades, 1973 Gregoriades, , 1977 Flawith & Dimmock, 1979; Mahy et al., 1980) . However, the m R N A used in these experiments was prepared from FP/R-infected CEF cells in which M accumulates Dimmock, unpublished data) . Thus, it is unlikely that the failure of M to concentrate in the nucleus is a property of the protein itself and we suggest that concentration in the nucleus only occurs when M is associated with another viral product.
The non-structural protein NS 1 did not appreciably associate with the oocyte nucleus. This is unlike the situation in virus-infected cells where NS1 migrates to the nucleus (Lazarowitz et al., 1971 ; Hay & Skehel, 1975) and concentrates in nucleoli (Dimmock, 1969; Krug & Etkind, 1973; Krug & Soiero, 1975) . Since the NS1 did not become evenly distributed between the nucleus and the cytoplasm it seems that either NS1 is entirely prevented from entering the nucleus by binding to some unique oocyte cytoplasmic structure or that it only enters the nucleus in combination with a component which is absent from the oocyte. Of these possibilities the latter seems more likely and virion sense RNA might be a candidate as it is unlikely to survive in extracts prepared for protein and is selected against during preparation of mRNA. Also it should not be forgotten that during infection the nucleolus undergoes hypertrophy and extensive morphological change (Compans & Dimmock, 1969) and although synthesis of rRNA precursors continues normally most of the processed rRNA is degraded (Stephenson & Dimmock, 1974) . Although the role of NS1 in these events is still a mystery its accumulation in the nucleolus may to some degree depend on them. In other regards, however, the oocyte processes influenza virus proteins normally since in earlier experiments the polypeptides of the major virus glycoprotein, the haemagglutinin, were enriched in the membrane vesicles of oocytes injected with influenza mRNA (T. Petri, A. Colman & N. J. Dimmock, unpublished data) . This agrees with data from infected cells where, like the majority of integral membrane proteins, they are synthesized on the rough endoplasmic reticulum and transported to the plasma membrane via smooth internal membranes (Klenk et al., 1974; Compans, 1973; Stanley et al., 1973; Hay, 1974) . Regardless of whether the NP is introduced into oocytes as the protein itself or encoded in RNA or DNA, it entered and accumulated within the nucleus. There was no net migration of NP out of the nucleus (Fig. 3 b) , suggesting that this is a property of infection and is triggered by NP in association with another viral product. All examples of NP failing to migrate out of the nucleus of infected cells [in non-permissive cells (Franklin & Breitenfeld, 1959; ter Meulen & Love, 1967) , in cells treated with an inhibitor of multiplication (Zimmerman & Schafer, 1960) , using defective (von Magnus) virus (Rott & Scholtissek, 1963) , or a ts mutantunder nonpermissive conditions (Mackenzie & Dimmock, 1973) ] are associated with an abortive type of infection and indicate that NP only migrates out of the nucleus during permissive infections.
Although the molecular dimensions of NP are unknown, its entry into the oocyte nucleus is more rapid than that predicted for a protein of 56K M~ (Bonner, 1978) . NP injected into the cytoplasm became evenly distributed between the nucleus and the cytoplasm within about 1 h whereas injected ovalbumin (44K) takes 72 h to become evenly distributed and bovine serum albumin (67K) is not evenly distributed even after 72 h (Bonner, 1975) . The rapid entry of NP into oocyte nuclei is consistent with the existence of a mediated transport process as has been suggested for RN1, a 148K protein of Rana pipiens oocytes (Feldherr et al., 1983) . This is probably an oversimplification of the situation since it is unlikely that proteins exist in cells in a soluble, monomeric state (Fulton, 1982) . A detailed mathematical model of protein solutions containing high concentrations of proteins indicates that such solutions are non-ideal (Minton, 1981) . The proteins tend to be forced into compact rather than extended configurations and such solutions favour self-and hetero-associations that would be less frequent in dilute solutions. Xenopus oocytes appear to be an extreme example of a non-ideal solution since the cytoplasm, excluding the yolk proteins, is 30 to 40~ protein by weight and it has been estimated that less than 20 ~ of the cytoplasmic protein, excluding yolk proteins, is able to diffuse freely throughout the oocyte (Paine, 1982) .
In considering the movements of NP to the nucleus, there is the added complication that some of it is associated with viral RNA to form RNP complexes in both the virus particle (Pons et al., 1969; Duesberg, 1969; Compans et al., 1972; Rees & Dimmock, 1981b) and in infected cells (Pons, 1971 (Pons, , 1975 Caliguiri & Gerstein, 1978; . These RNPs are found in both the cytoplasm and the nucleus of infected cells (Krug, 1971) and appear able to cross the nuclear envelope in either direction (Flawith & Dimmock, 1979; Hudson et al., 1978) . The rapid entry of NP into the nucleus was also seen in pTKNP-injected oocytes although a comparison between the rates of entry of injected proteins and proteins synthesized in the oocyte from injected DN A may not be valid since the latter may be made throughout the cytoplasm (D. Drummond & A. Colman, unpublished data) which might favour rapid uptake into the nucleus.
Although NP from the cytoplasm of pTKNP-injected oocytes was toxic when injected into nuclei of fresh oocytes, the nuclear accumulation of both cyt-NP and nuc-NP after injection into the cytoplasm, and of NP from whole CEF cells, indicates the absence of any stable 'nuclear' modification of the NP, results more in accord with those of Petri & Dimmock (1981) than of Almond & Felsenreich (1982) . That some nuc-NP injected into nuclei was able to migrate into the cytoplasm also suggests that the cloned NP present in oocyte nuclei is not irreversibly bound to some intranuclear structure. The results also show that the NP present in the oocyte cytoplasm is capable of entering the nucleus.
Due to the large energy reserves within the oocyte it is not feasible to use inhibitors to test for any energy requirement in the nuclear accumulation of NP. However, if the migration is an energy-dependent process it should be virtually abolished by chilling to 4 °C but be relatively unaffected if due to diffusion (Wu & Warner, 1971) . In fact, when radiolabelled N P was injected into oocytes incubated at 4 °C the rate of nuclear migration was decreased to less than 10~ of that at 20 °C (data not shown). A similar result was obtained using nucleoplasmin (Dingwall et al., 1982) but, as discussed by these workers, interpretation is difficult since the low temperature is likely to affect many parameters.
The nuclear accumulation of proteins could result from selective transport involving the nuclear envelope and/or selective retention of proteins within the nucleus (see Davey et al., 1985 for a more detailed discussion). On the basis of experiments in which the structure of the nuclear envelope is perturbed, either by repeated puncturing with a glass needle (Feldherr & Ogburn, 1980; Fetdherr & Pomerantz, 1978) or removal of the nuclear envelope (cited by de Robertis, 1983 ), it appears that the nuclear envelope is not required for the accumulation of most nuclear proteins. It does, however, appear necessary for the accumulation of nucleoplasmin (Dingwall et al., 1982) . Similar experiments with NP have not been done.
Since no other influenza virus components are present in the pTKNP-injected oocytes the ability of the NP to accumulate in the nucleus is likely to be a property of the protein itself, although we cannot exclude that what accumulates is not the NP per se but NP complexed to a cellular component which is common to amphibian, rodent and primate cells. Our work with mutated NP clones has shown that an internal sequence spanned by residues 327 to 345 is necessary for the NP to accumulate in nuclei. However, all mutant NPs had the ability to enter nuclei suggesting that entry and accumulation were probably different phenomena (Davey et al., 1985) . Chimpanzee ~1 globin, a cytoplasmic protein, only entered nuclei when synthesized as a fusion protein with NP and only accumulated when the NP moiety contained the region spanning the putative signal sequence. We are encouraged that work done in Xenopus oocytes is relevant to mammalian cells since the cloned NP distributed in the same way as authentic NP in hamster and primate cells.
